Introduction
Higher education is one area where markets alone may fail in providing this service adequately (see Winston 1999) . Thus, in most countries governments intervene to fund universities to ensure that education is universally accessible at a minimum. In the absence of market prices for their input and output factors there arises the question of how a university should allocate its limited resources. Based on the public pressure of prestige rankings regarding teaching and research published by the mass media, university administrators tend to overinvest in activities which may improve their ranking position. This leads to an ongoing debate about the relationship of research and teaching as substitutes or complements (Armstrong/Sperry 1994 , Brickley/Zimmerman 1998 . This study contributes to this literature examining the efficiency of universities in providing research and teaching. Moreover we try to detect the factors which affect the variation of universities in providing teaching and research on an efficient level.
Obviously, teaching quality cannot easily be measured using objective performance data. As a consequence there are instruments to measure teaching quality, such as evaluations by students or student-faculty ratio used as proxy. However, if university administrators try to improve their ranking position in the mass media, they could try to manipulate those instruments. And in fact, there is some evidence about the influence of teachers on their evaluation by students (Brickley/Zimmerman 1998) . Otherwise, university managers could shift the scarce resources from research towards teaching in order to improve the student-teacher ratio. The incentive to shift resources from research toward teaching is obvious, since teaching quality rankings are easier to improve in the short term than research rankings. In the latter case, university managers have to increase the number of researchers and undertake investments in laboratories where the output is unpredictable and associated with high uncertainty. Also the time between submitting a paper and its publication takes a length of time. Often, like in the case of patents as a research output, the property rights are not clear and patents are often published by research partners, such as private firms. Therefore, it takes a longer time until output is published and its impact is noticed by other researchers and can be measured by citations or publications.
However, a university's prestige depends on its research activities in the past, such as Oxford or Cambridge in the United Kingdom, or Harvard, Stanford or Chicago as examples in the United States. In this case, it is often argued that research and teaching are compliments rather than substitutes. It is believed that teaching benefits from high quality researchers because they are more likely to incorporate recent results in their classes. However, there is no empirical evidence for these spill-over effects, but some anecdotal evidence that high prestigious universities try to improve their research performance by reallocating resources from teaching towards research. From an economic point of view, resource reallocation may lead to overinvestments in one activity and underinvestments in the other.
In this study, we analyze whether universities are efficient in producing research, teaching or both. Although the quality of either research nor teaching can adequately be reflected by an efficient price system, it could be measured whether universities produce their output on an efficient frontier or not Thus, the efficiency of a university in providing teaching and research could be taken as a kind of second best information about their ability and quality.
We use DEA (Data Envelopment Analysis), a linear programming technique, to estimate the efficiency of universities.
1 To conduct this study, we used a data set of 112 universities from the UK. Our results provide strong evidence that it is easier to operate efficiently in teaching than in research. For example, the most optimistic estimation shows that 18% of the universities are efficient in teaching compared to 8% in research. Although the results vary among the different DEA estimations, we find this large differences in all specifications. As mentioned above, DEA is often applied to estimate the productivity of universities. Since most of the research is done in the field of operations research, data from universities are often taken to apply this data to evaluate new estimation procedures in linear programming. From an economic point of view, however, it may be also interesting to analyze the factors which determine the efficiency of universities or to reveal sources of inefficiency. Thus, we apply Tobit regressions to endogenize the efficiency scores provided by the DEA. The results reveal that the determinants of research and teaching differ depending on the underlying DEA model.
For example, although we used three different specifications in research, the outputs, measured by publications or grants received from industry, are more homogenous than the outputs applied in the teaching specifications. In the latter case, the results differ between the 1 There are several studies who use the advantage of DEA to estimate the efficiency of units if either the inputs and outputs cannot be simply evaluated by market prices or if the performance of a unit cannot be sufficiently expressed by one output measure like "shareholder value". Recent examples in the field of educational economics contains comparisons of universities (Johnes/Johnes 1993, Abbott/Doucouliagos model testing the value added to students, their employment after university or their drop-out rate. We receive a significant positive impact on efficiency in research the higher the A-Level
Points or the share of female students. At the same time only the share of female students is highly significant in all teaching estimations. Otherwise, the influence of the location of students, whether they come from state-schools, from oversea or are mostly local students depends on the different assumptions of the DEA estimations.
The remainder of the paper is organized as follows. In the next section we introduce the concept of DEA for analyzing universities, then we describe the dataset and provide the results from the DEA estimations. In section three we analyze those data used in the Totit analysis.
The results are summarized in section 4.
Methodology, Data and Descriptive Statistics

The Productivity Analysis
Using Data Envelopment Analysis (DEA) we estimate the production function of universities in a non-parametric way considering multiple inputs and multiple outputs. The we derive an efficiency score for every university. The intuition of DEA is to maximize the ratio of a weighted sum of outputs to a weighted sum of inputs. 2 Assume there are n universities, denoted by the indexy. Each university uses m inputs to produce s outputs. Thus, university j uses the amount xy of input i to produce the amount y rj of output r. DEA takes the observed : See also Johnes/Johnes (1993) or Thursby (2000) for the use of DEA in this area.
inputs and outputs as given and calculates the weights of the inputs and outputs endogenously.
These weightings are variable for every university in the objective function. The assigned weight to output r is u r and the weight assigned to input i is v,. In this way DEA extends the single input and single output case to compute efficiency for multiple inputs and multiple outputs. Following this intuition the generated score can be interpreted similar to an efficiency measure in economics. Thus, the basic model with constant returns to scale can be written as follows (Charnes/Cooper/Rhodes 1978) :
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"Assume that university 0 is evaluated. The objective is to calculate weights u r and v, that maximize the ratio of inputs and outputs of university 0. The constraint ensures that the ratio of 'virtual output' to 'virtual input 1 of the other universities does not exceed 1, in the case of optimal weights of the target unit The non-negativity constraint must also hold for the weights as well as at least for one input and one output to ensure that each input and each output is regarded in the optimization program. For simplicity we make the assumption that the financial budget of state owned universities, as included in the dataset, could be calculated by the university managers in advance. 3 This simplification allows us to keep the inputs fixed and let us assume that university managers have to maximize outputs for given inputs. 4 The maximization problem can be solved more easily after transforming the underlying decision problem into a linear program and then solving the corresponding dual program. 5 The production function, however, provides no explicit parametric form as it is in of the case of CES or Cobb-Douglas production functions (see Lovell 1993) .
We use this standard approach to estimate the efficiency scores but allow for variable returns of scale (see Banker/Charnes/Cooper 1984) . This assumption allows us to incorporate outputs in percentages. In this way we can ensure that for example the efficient universities have a maximum employment rate of 100 percent. Otherwise proportional augmentation of one output might lead to an optimal value larger than 100 percent and therefore would not make any sense. This condition is ensured by adding the further constraint ^"_ ( X } = 1 in the dual program that can be interpreted as convexity condition (Banker/Charnes/Cooper 1984) .
The corresponding dual program is:
3 The financial budget of universities in the UK consists of fixed payments, tuition by students (about 1000 GBP per student and year), payments depending on the research (publication) activity (measured every five years), and grants provided by the government and the private industry. 4 The converse is to assume that outputs like the number of students or the number of articles published in academic journals is fixed and university managers have to minimize the inputs. 5 This follows from the seminal paper by Charnes, Cooper, and Rhodes (1978 
Specifications, Data Measurement and Descriptive Statistics
Since DEA models are rather sensitive towards different measures of inputs and outputs, we apply different specifications for either research and teaching. Thus, we split the estimation models into three groups according to the examined task of the university: teaching, research, and a combination of both. We also follow the suggestions made by the Performance Indicators Steering Group (PISG). They use performance indicators, mostly developed by Johnes and Taylor (1990) , to evaluate universities in the UK and advise the government.
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As in traditional production theory, we use labor and capital as inputs. Typical inputs are the number of teachers and researchers, library spending and expenditures on computers.
However, in contrast to production theory we have no common and single output for universities. Thus, we take different measures for research and teaching. Like the quantity of publications and the grants received by the government, or the quantity and quality of the students. We use different outputs to estimate the efficiency of universities in research and teaching applying basic inputs.
Research Efficiency:
As the basic inputs we include the number of researchers Pis developed by the PISG are based on the set of Pis suggested by Johnes/Taylor (1990). 7 We thus hope that the names of the different models reveal the underlying output measure. The abbreviation (Rl) is used to express research-model 1 etc. amount of research grants by the industry received in 1998/99 ("Grant-model"). However, according to Beasley (1995) and Glass et al (1998) grants can also be treated as input variables. We therefore use the grants received in the preceding period (1997/98) as an additional input and thus obtain the grant-lag-model. Obviously, we assume that all university managers have an incentive to increase all output variables.
Teaching efficiency: The basic inputs in the teaching models are the number of teachers (MacMillan 1998) and expenditures on library materials. Like Beasley (1995) , Post/Sponk(1999) and Avkiran (2001) we apply the number of undergraduate and postgraduate students as basic outputs. The output specifications vary in further variable and are expressed by the drop-out-model, the employment-model, and the value-added-model.
In the first specification, the drop-out-model, we use the graduation rate as additional performance measure of a university (Breu/Raab 1994) . We assume that university managers may have an incentive to increase the rate of graduates instead of decreasing this rate.
Furthermore we consider the percentage of graduates who are employed as a measure for the quality of teaching. 8 The employment-model contains the percentage of graduates who are employed six months after graduation. The \alue-added-model figures on the difference of knowledge between university entry and exit (see Bratti 2001) . In addition to the number of researchers and the expenditure on library, we include the percentage of students with A-level 8 We are aware that the probability of being employed six month after graduation is also influenced by the mobility of students, the location of the university, and other factors which are not (even remotely) under control of the university administrator. We thus use some of this variables in the Tobit estimations when endogenizing the efficiency scores.
points (see also Athanassopoulos/Shale 1997, Colbert et al 2000) . To measure the output quality of teaching, we consider the percentage of students who finished with first-class honors degree and upper second-class honors degree.
Efficiency in research and teaching: However, universities produce both research and teaching. As in the previous models we include the number of teachers and researchers and library spending as inputs. In contrast to the above mentioned models, we include outputs for teaching and research. To indicate the output in teaching we choose the number of undergraduates and postgraduates. The output in research is captured by the number of papers in the SCI and SSCI in 1998-2001 (teaching-publication-model) . Alternatively to the number of SSCI papers we used the total of research grants won in 1998/99 (teaching-
grant-model).
The different input and output model specifications are summarized in Table 1 . We collected this data set using the information about academic staff, quantity and quality of students, library However, they also differ in their size as measured by the numbers of researchers, teachers, and students.
Efficiency scores and Heterogeneity of Universities
The efficiency scores as shown in table 3 reflect the ability of universities to maximize their outputs with given inputs, like the number of researchers and library spending. 9 Now, a small university with only few researchers may be able to produce a relatively large number of papers and thus fulfill the criterion of efficiency. If economies of scale (or spill-over effects) are relevant in writing and publishing articles or receiving grants, we try to capture this effect allowing for variable returns of scale. Oxford -are efficient in all eight specifications. No other university with similar resources and characteristics is producing more outputs, neither in research, teaching or in a combination of both. The Imperial College, on the other hand, is producing 96% of the teaching output of universities with similar resources and characteristics using specification Tl and T2. Still, the Imperial College is technically efficient in all three specifications for research (Rl, R2, R3) and research and teaching (RT1, RT2). Within each group the results for the efficiency score are relatively homogeneous (see table 4 ). 10 However, comparing the results for the three different features it can be observed that the average efficiency is the highest in teaching and is lowest in research. Also the standard deviation is higher in the research estimations (see table   4 ). Table 5 presents bivariate correlations between the different efficiency scores. They are rather homogeneous and highly correlated within the three different groups (teaching, research, and both), but differ across the three groups. The table also includes correlations between the estimated efficiency scores and the scores calculated and published by the mass media. Those scores are highly correlated, independently whether they try to predict research or teaching efficiency. Furthermore, all scores from the mass media press are rather high correlated with our research models.
Interestingly, only nine universities appear to be efficient in the research specification Rl, and 22 are efficient in specification R3, respectively. As an example, Thursby (2000) reports that 67% of his sample of economics departments are efficient. Abbott and Doucouliagos (2002) 10 Additionally correlation coefficients with the rankings of The Guardian and the Sunday Times are provided.
also report high efficiency levels for Australian universities. However, such a comparison is rather difficult, since the proportion of efficient units strongly depends on the number of inputs and outputs. The more inputs and outputs are included, the higher would be the number of efficient units (see Nunamaker 1985 or Kerstens/Vanden Eeckaut 1999 .
Nevertheless, those small numbers of efficient universities may also reflect political decisions in the past To protect the traditional universities from an increasing number of students, new polytechnics are founded in the UK to channel the flood of students. Also, universities usually received their budgets independent from quality and quantity. Beginning in the 1980's, the newly founded polytechnics were treated as coequals to traditional universities. At the same time, financial budgets are now based upon the quantity and quality of publications as well as the number of students. Now, universities and polytechnics compete on the same market and for the same resources and are all together treated as 'universities'. These effects may explain some of the large differences in the efficiency scores, especially in research.
The Tobit Analysis
In the first stage of the analysis we obtained a performance measure for each university based on efficiency. In the second stage we relate the level of inefficiency to values of external variables that may affect inefficiency as well. In the previous sections, we included inputs and outputs which are mostly controlled by the university administrators and by the government Now, we consider factors which may enhance the efficiency of universities. We first create a score which measures the inefficiency of a university, 1-0, with values from zero to one for all different estimations. These scores are now proxies for the degree of inefficiency of a unit (see Lovell 1993) . Since the minimum value is 0 and the maximum 1 the endogenous variable is truncated at both high and low values. We thus apply tobit estimations instead of simple OLS which would require that all variables are within the interval of zero and one. Thus, let estimated by maximizing the log likelihood function described in Maddala (1983, p. 160f.) .
The included exogenous variables are assumed to influence the "production process" of a university but are not fully under the control of university managers on the short run. The probability of unemployment, the percentage of students who finished with first-class honors degree and upper second-class honors degree or the drop out rate are chosen as outputs in the teaching DEA models. These outputs, and thus the degree of inefficiency, may be influenced by student characteristics like age, gender or geographical provenance (see Becker et al. 1990 for a survey or Smith/Naylor 2001). We first include the percentage of mature students (Mature Students) to control for age effects. Since there is evidence that boys are performing poorly relative to girls at many age levels (see Becker et al. 1990) we also include the percentage of female students (Female Students) to control for gender differences.
Furthermore, as Mazarol/Soutar (2001) point out, the geographical background of students may alter the performance of universities. This is considered by the percentage of local students (Local Students) and international students international Students). In the UK, students from overseas (not UK and European Union) have to pay the full costs to the respective university and not only the tuition fees of 1,000 GBP like students from the UK or the European Union (Mazzarol/Soutar 2001) . This increases the financial budget of those universities. Furthermore, students from overseas have no negative impact on the rate of unemployment.
As Winston (1999) points out, the quality of students is one of the main factors influencing the efficiency of education institutes. He assumes that those schools commanding most of the student quality input tend to choose an educational production technology that amplifies the effects that high-quality students have on each other. Thus, we include the percentage of students having attended a state school (State-School) and the A-level points for entry (Alevel) to indicate the previous education level.
Next, we consider the percentage of female staff (Female Staff) at universities. However, there is no clear cut economic interpretation why gender differences should influence the efficiency of universities. However, there is no economic explanation why gender differences in the staff should influence the efficiency of universities. There are some studies which provide evidence about the different role and performance of women as instructors in teaching (Ferber 1995 , Robb/Robb 1999 . According to those results, a high degree of female staff should lower the inefficiency in the teaching models. Otherwise, there is evidence that the publication rate of female is less than the publication rate for men (Kahn 1993 (Kahn , 1995 McDowell/Smith 1982 The results are presented in the tables 7-9 for the three different DEA models -research, teaching and both. Since we use the (1-efficiency score) as the endogenous variable, a positive sign now indicates that the variable may increase the inefficiency of a university.
11 However, we are aware that the included variables are also endogenous and thus influenced by the performance of universities, like research grants from the industry or the share of students from overseas.
Another problem that we cannot control for are selection effects like the percentage of female staff. For example, Booth et al. (2000) show that research intensive universities and the older and traditional universities have significantly lower proportions of female professors and permanent lecturers. . 13 Also the share of mature students seems to enhance inefficiency. As assumed, a higher share of mature students may increase the drop-out rate and lower the probability of being employed in the first six month after the degree. Thus, this variable enters the regression significantly negative in the drop-out-model and employment-model.
The share of students from local regions (Local-Students) only enters significantly positive in the drop-out-model. Winston (1999) points out that the peer pressure effect is rather low for those students. They also may be engaged in extra-curricular activities -mainly domestic duties -and thus may perform relatively worse than students who live away from home (see Bratti 2001). As described above, students from oversea are attractive for universities since they have to bear the full costs with their tuition. Although this variable almost shows a negative sign, it is only significant in the employment-model. Since students from overseas are prevented by European law to work in the UK, they will return to their countries after receiving their degree and are thus not registered as unemployed in the statistics.
The results also show that the degree of inefficiency is not independent from the quality of students as measured by the variable A-Level. However, this variable is insignificant in the 12 Only in the employment-model, the coefficient is not significant on the 10%-level, but at the 15% level.
13 See also Robb/Robb (1999) and Greene (1997) for gender differences and possible bias effects in methods like multiple choice exams, essay writing or verbal skills.
teaching models but not in the research estimations. Thus, we could not confirm the results by Johnes and Taylor (1990) . They suggest that inter-university differences in degree results can be explained by entrants' mean A-level scores. Although we did not ignore the influence of student quality on outputs such as the probability of unemployment or the drop-out rate, we assume that those factors may be also influenced factors which are not included in the estimations. But we are surprised that this variable shows no significant impact in the valueadded-model. One explanation for this result is that the "value added", which figures on the difference of knowledge between university entry and exit (Bratti 2001) , is smaller the higher the percentage of A-level entries. Thus, this performance measure could lead to adverse effects: decreasing the percentage of A-level entries and increasing the percentage of students with first-class honors and upper second-class degree (degree inflation). 14 Otherwise, the mean A-level score has a significant impact on the research models, when publications are included as outputs. Winston (1999) and Goethals et al. (1999) mention that students educate themselves and each other (peer group effects) and that those peer-group effects increase with student quality. This reduces the monitoring costs for teachers and the time spent per student (see Goethals et al. 1999) . If teachers are also involved in research, higher student quality may increase the time for research and thus the number of papers published (see Brickley/Zimmerman 1998 for such effects).
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14 However, the results did not show that the A-level score has no positive impact on degree performance (see Smith/Naylor 2001 for such a study). 15 However, this result also shows some selection effects if research intensive universities like Oxford or
Cambridge are able to select students (see Collier/Mayer 1986).
Also the type of secondary school seems to have a significant influence for explaining the degree of inefficiency. The variable State-School is significant positive, i.e. increasing inefficiency, in three specifications including outputs for teaching.
Another result is the significant negative impact of the percentage of female staff on efficiency.
Since all research models include publications as outputs, the results show the predicted effects that the publication rate as measured by the number of papers is lower for women than for men (see Kahn 1993 Kahn , 1995 McDowell/Smith 1982) . 16 This may be an explanation why research intensive university have a lower share of female staff (see Booth et al. 2000) : since the financial budget of universities depends on their ranking by the Research Assessment Exercise (RAE), university administrators might tend to lower the number of female staff. Also the efficiency in the value-added-model is negatively affected by the share of female staff.
However, we are not able to control for role-model effects in our estimations as suggested by Ferber (1995) or Robb/Robb (1999) . Those studies provide evidence that female teachers have a significantly positive effects on the performance of female students. The high positive bivariate correlation of 0.7168 between the share of female students and the share of female staff may indicate a selection bias.
Finally, industry grants have a highly significant impact on the technical efficiency of universities.
As Smith/Horowitz (1998) show, externally funded research may have a direct role in reducing the costs of an undergraduate education and thus increases the efficiency in the teaching specifications. Also research grants from the industry are more likely to be attracted 16 The correlation of the share of female staff and the number of publications is negative: -0.4056 with the SSCI and -0.3517 with the SCI.
by research-intensive universities, measured by the number of publications as outputs.
However, there might be differences across universities due to differences in the endowment of industries which may privilege universities in industrial agglomerations or bigger cities.
Conclusion
The purpose of this study was to analyze efficiency differences in providing research and teaching. The results derived from DEA estimation suggest that given levels of input, the number of universities that are efficient in teaching exceeds the number of universities that are operating efficient in research or both. This may be due to product-specific scale and scope Finally, if teaching excellence is not rewarded in the same manner as research excellence, there is a selection bias of researchers towards research intensive universities. This could imply that research activity ought to be more highly concentrated in a smaller number of institutions (see Glass et al. 1995 , Johnes 1997 for such a discussion).
The results obtained from the Tobit estimations suggest that differences in the efficiency scores could be explained by differences in the characteristics of students, like A-level points or gender, and by differences in the endowment of the universities. If universities are more focused on teaching, they could improve their efficiency by increasing the number of female students. If they are reluctant to improve their efficiency in research, they should attract higher quality students.
However, simply considering the average characteristics of the students enrolled and the respective universities can suffer from aggregation bias, although our results do not differ in general from studies which exploit individual-level data and address specific issues concerning 
